Introduction {#s1}
============

In 1980, Furchgott published his seminal report that demonstrated the integral function of the endothelium in vasomotor tone [@pone.0048715-Furchgott1]. Remarkable ongoing effort has since characterized the role of nitric oxide (NO) in endothelium-dependent vasodilation and further identified the association of endothelial dysfunction of the macro- and microcirculation, manifested as a reduction in bioavailable endothelium-derived NO, with the development of cardiovascular disease [@pone.0048715-Luscher1], [@pone.0048715-Goligorsky1], a leading cause of death in the United States [@pone.0048715-LloydJones1]. While disease states such as diabetes mellitus, hypertension, and atherosclerosis are related to impaired endothelial function [@pone.0048715-Luscher1], [@pone.0048715-Goligorsky1], [@pone.0048715-Abdu1], [@pone.0048715-Widlansky1], endothelial dysfunction is also a consequence of the aging process [@pone.0048715-Taddei1]--[@pone.0048715-Blackwell1].

Vascular pathology associated with endothelial dysfunction of aging involves not only resistance vessels, but also includes remodeling and subsequent stiffening of compliance vessels [@pone.0048715-Lakatta1], [@pone.0048715-Soucy1]. In a study of late-middle-aged non-smokers who did not have clinical cardiovascular disease or diabetes mellitus, decreased systemic flow-mediated dilation predicted progressive thickening of the carotid artery [@pone.0048715-Halcox1]. It is now apparent that the disease burden related to conduit arterial pathology and stiffness is very high. In the Cardiovascular Health Study, a prospective multicenter study of 4,476 men and women 65 years of age or older, 3,579 (79.9%) had increased carotid artery intima-media thickness. While these individuals did not have a history of cardiovascular disease at enrollment, increasing thickness of the carotid artery was directly associated with subsequent progressive risk of myocardial infarction and stroke [@pone.0048715-OLeary1]. Arterial stiffness may also stimulate left ventricular hypertrophy [@pone.0048715-Lakatta1], [@pone.0048715-Laurent1] and remodeling of the microcirculation particularly in the brain and kidney, two organs subjected to high perfusion flow rates and pulsatile pressures [@pone.0048715-ORourke1], [@pone.0048715-Cohen1]. As an independent predictor of cardiovascular/renal morbidity and mortality, conduit artery stiffness associated with endothelial dysfunction therefore represents an important health problem.

Mice lacking the endothelial isoform of nitric oxide synthase (NOS3) develop increased aortic stiffness compared to wild-type mice [@pone.0048715-Soucy1], indicating the critical role that bioavailable NO plays in the remodeling of compliance vessels. This enzyme normally produces NO throughout the vasculature and is regulated in a complex fashion. Not only is calcium/calmodulin activation of NOS3 responsible for transient increases in NO, but post-translational phosphorylation events provide more prolonged NO release by NOS3 at baseline and following stimulation [@pone.0048715-Fulton1]--[@pone.0048715-Bauer1]. In particular, NOS3 serves as a substrate for protein kinase B (Akt) [@pone.0048715-Fulton1], which promotes serine phosphorylation at residue 1179 in the autoinhibitory carboxyl terminal portion of bovine NOS3 and thereby increases NOS3 sensitivity to calcium/calmodulin and enzyme activity [@pone.0048715-Lane1]. This latter regulatory mechanism is especially important in the setting of changes in dietary salt intake [@pone.0048715-Ying1].
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###### Summary of physiological parameters of the groups of rat under study.

![](pone.0048715.t001){#pone-0048715-t001-1}

  Age(months)    DietaryNaCl (%)   BW (g)   MAP(mm Hg)   SerumCreatinine(mg/dl)   Urinary NOx(nmol/h per 100 g BW)   Urinary ActiveTGF-ß(fmol/h per 100 g BW)
  ------------- ----------------- -------- ------------ ------------------------ ---------------------------------- ------------------------------------------
  1                    0.3         166±3       91±3            0.10±0.01                      14.5±2.5                               2.7±0.6
  1                    8.0         154±5       97±3            0.11±0.00                      32.6±4.0                               34.1±3.9
  6                    0.3         401±7      108±1            0.22±0.03                      6.4±0.4                                1.8±0.7
  6                    8.0         400±2      105±5            0.18±0.02                      8.5±1.0                                9.0±1.2
  12                   0.3         463±13     123±6            0.22±0.01                      4.6±0.4                                2.5±0.5
  12                   8.0         437±12     114±9            0.20±0.01                      7.6±0.8                                12.3±3.2

See text for details.

PTEN (Phosphatase and tensin homologue deleted on chromosome 10) is a lipid phosphatase that was discovered 25 years ago [@pone.0048715-Li1]. PTEN specifically serves as a 3-phosphatase for phosphatidylinositol 3,4,5-triphosphate (PIP3) [@pone.0048715-Maehama1] and is a critically important regulator of this important signaling molecule that influences fundamental cellular activities [@pone.0048715-Vanhaesebroeck1], [@pone.0048715-Vanhaesebroeck2]. PTEN antagonizes the 3-kinase activity of the class I phosphatidylinositol 3-kinase (PI3K) family, which generates PIP3 following activation, and levels of PTEN appear to determine cellular levels of PIP3 [@pone.0048715-Vanhaesebroeck1]--[@pone.0048715-Mellor1]. Among other effects, increased PIP3 levels promote Akt activation [@pone.0048715-Stocker1]. Thus, endothelial PTEN might regulate NO production through Akt. The hypothesis tested in this paper is that production of bioavailable NO declines with age and in response to dietary salt supplementation and is related to impaired Akt-mediated phosphorylation of NOS3. The integral involvement of PTEN in this aging process was determined.

![Production of bioavailable NO by aortic ring segments and isolated glomeruli from rats age 1, 6, and 12 months.\
NOx production rates by tissue from rats that received 8.0% NaCl diet were greater than tissues from rats that were the same age and on the 0.3% NaCl diet. Addition of iberiotoxin (IB, 100 nM) inhibited the salt-induced production of NOx in all three groups. \*p-value\<0.05 compared to the other groups of rats the same age. n = 4−6 rats in each group.](pone.0048715.g001){#pone-0048715-g001}

![NOx production rates by vascular tissues (aorta on left and isolated glomeruli on right) obtained from rats 1, 6 and 12 months of age.\
Findings from animals on 8.0% and 0.3% NaCl diets were analyzed separately. For aortic rings and isolated glomeruli from rats on both diets, a statistically significant inverse linear correlation was observed (p-values\<0.05), indicating a steady decline in bioavailable NO in these tissue with age. Each square in the graphs represents data from a single rat.](pone.0048715.g002){#pone-0048715-g002}

![Effect of aging on NOS3 and phospho-NOS3(S1176) levels in aorta and kidney cortex.\
Tissues from rats age 1 and 6 months, but not tissues from the 12-month old rats, demonstrated an increase in NOS3 and phospho-NOS3(S1176) levels in response to the high-salt diet. n = 4 rats in each group. \*p-value\<0.05 compared to the corresponding group of rats maintained on 0.3% NaCl diet for 4 days.](pone.0048715.g003){#pone-0048715-g003}

Materials and Methods {#s2}
=====================

Animal and Tissue Preparation {#s2a}
-----------------------------

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The Institutional Animal Care and Use Committee at the University of Alabama at Birmingham approved the project. Studies were conducted using 48 male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) ages 1, 6, and 12 months. The rats were housed under standard conditions and given 0.3% NaCl diet (AIN-76A with 0.3% NaCl; Dyets, Inc., Bethlehem, PA) and water ad libitum for 4 days before initiating the experiment. At the start of the experiment, the rats were placed in metabolic cages and allowed free access to water and diet, which contained either 0.3% or 8.0% (AIN-76A with 8.0% NaCl; Dyets, Inc., Bethlehem, PA) NaCl. These diets were prepared specifically to be identical in protein composition and differed only in NaCl and sucrose content. Urine was collected under oil to prevent desiccation. Food consumption, urine flow rates, and body weight were monitored daily. Blood pressure (BP) was determined noninvasively using a blood pressure analysis system (Model SC1000, Hatteras Instrument, Inc., Cary, North Carolina). Each rat was subjected daily to ∼15 measurements, of which flawed readings from movement- or machine-related issues, for example, were omitted. Blood pressures from the measurements on each day were averaged for each rat. The experiment was concluded after the 4^th^ day. Collected urine samples were filtered to remove any particulate matter and centrifuged at 325×g for 2 min at 4°C. The supernatant was immediately frozen at −80°C until use.

On the final day of study, rats were anesthetized with pentobarbital sodium (Nembutal, Lundbeck Inc., Deerfield, IL), 50 mg/kg body weight, i.p. Blood was collected for determination of serum creatinine, which was assayed using liquid chromatography tandem mass spectrometry (Waters 2795 LC-MS/MS, Waters Corporation, Milford, MA) [@pone.0048715-Takahashi1]. Aorta and both kidneys were harvested under sterile conditions for isolation of glomeruli for in vitro incubation experiments or to generate tissue lysates for protein analyses. Aortic endothelial cell lysates were obtained as described previously [@pone.0048715-Ying2].

In vitro Incubation Studies {#s2b}
---------------------------

After removal of adherent fat and connective tissue, the aortic tissue was rinsed in ice-cold PBS and cut into 3-mm ring segments. Glomeruli were isolated using a graded sieving technique. This protocol has been shown to produce \>95% pure and viable glomeruli [@pone.0048715-Ying3]. Pelleted glomeruli were washed and resuspended at 5×10^3^ glomeruli/ml of serum-free medium (DMEM; Life Technologies, Grand Island, NY). In some experiments, tissue samples were incubated in medium that contained vehicle alone or 100 nM iberiotoxin (Ib; Sigma-Aldrich, Inc., St. Louis, MO). After incubation for 24 h, the conditioned medium was harvested, centrifuged at 300×g for 10 min at 4°C to remove cell debris, and then stored at −80°C until assayed for NOx and total and active TGF-β.

![TGF-ß production rates by aortic rings and isolated glomeruli from rats age 1, 6, and 12 months.\
Total and active TGF-ß production rates by tissue from rats that received 8.0% NaCl diet were greater than tissues from rats that were the same age and on the 0.3% NaCl diet. \*p-value\<0.05 compared to the other groups of rats the same age. n = 4−6 rats in each group.](pone.0048715.g004){#pone-0048715-g004}

![The production of active TGF-ß relative to NOx progressively increases with age.\
Least square means comparison demonstrated a strongly significant linear effect for increasing active TGFß/NO (pg/nmol) with age for both aortic rings and isolated glomeruli (all p-values\<0.0001).](pone.0048715.g005){#pone-0048715-g005}

Human Umbilical Vein Endothelial Cells (HUVEC) Incubation Studies {#s2c}
-----------------------------------------------------------------

Primary cultures of macrovascular endothelial cells (HUVEC) were obtained commercially (Life Technologies, Grand Island, NY). Monolayers of HUVEC were incubated at 37°C with 5% CO~2~/95% air in Medium 200 (Life Technologies, Grand Island, NY). Medium was exchanged at 48-h intervals and cells were not used beyond 25--30 passages.

At the initiation of study, monolayers of HUVEC in 6-well plates were incubated in Medium 200 that was produced without potassium by the manufacturer. During these experiments, the medium was also supplemented with Low Serum Growth Supplement (LSGS, Life Technologies, Grand Island, NY), which resulted in a final concentration of 2% (v/v) fetal bovine serum. This medium permitted addition of KCl to final concentrations between 0 and 5 mEq/L; choline chloride (Sigma-Aldrich, Inc., St. Louis, MO), 0--5 mEq/L, was added to maintain constant osmolality among the groups. The plates were incubated for 24 h at 37°C before study. In other experiments, HUVEC were incubated in Medium 200 containing 0 or 5 mEq/L of KCl; Medium 200 with 0 KCl and 5 mEq/L of NaCl served as a control in these studies. Some experiments also included the addition of iberiotoxin (Sigma-Aldrich, Inc., St. Louis, MO), 100 nM, vehicle, or glibenclamide (Sigma-Aldrich, Inc., St. Louis, MO), 10 µM. Iberiotoxin served as a selective and reversible inhibitor of high-conductance calcium-activated potassium channels (BK~Ca~) [@pone.0048715-Galvez1] and glibenclamide was a potent inhibitor of ATP-dependent potassium channels [@pone.0048715-Sturgess1]. In other experiments, monolayers of HUVEC were incubated in 75-cm^2^ flasks with Medium 200 containing 0 or 5 mEq/L of potassium and either 10 µg/ml rabbit polyclonal antibody that specifically neutralizes TGF-ß (R&D Systems, Minneapolis, MN) or 10 µg/ml of nonspecific rabbit IgG (Southern Biotechnology Associates, Birmingham, AL), which served as a control. After 24-h incubation, the conditioned medium was harvested, centrifuged at 300×g for 10 min at 4°C to remove cell debris, and then stored at −80°C until assayed for total and active TGF-ß. Cell lysates were obtained for analysis of PIP3, PTEN, Akt, NOS3, GAPDH, and total protein concentration.

![Endothelial PTEN levels increase with age and become refractory to change.\
(A) Western blot showing increases in endothelial PTEN levels with aging. The graph shows the mean density of the bands relative to GAPDH. n = 4 rats in each group. \*p-value \<0.05 compared to the other two groups (B) Endothelial PTEN levels of one-month old rats on 0.3% and 8.0% NaCl diets. Endothelium from rats on the low-salt diet had greater amounts of PTEN relative to GAPDH than endothelium from rats the same age on the high-salt diet (0.56±0.03 versus 0.17±0.01; p-value \<0.05). (C) Endothelial PTEN levels of 12-month old rats on 0.3% and 8.0% NaCl diets. In this analysis, endothelium from rats on the low-salt and high-salt diets had comparable amounts of PTEN relative to GAPDH (0.072±0.002 versus 0.074±0.001; p-value = 0.422).](pone.0048715.g006){#pone-0048715-g006}

![Macrovascular endothelial cells (HUVEC) incubated overnight in medium supplemented with increasing amounts of active TGF-ß1 demonstrate a dose-dependent reduction in PTEN and a corresponding increase in phospho-Akt(S473).\
Error bars were not included as this experiment was performed once.](pone.0048715.g007){#pone-0048715-g007}

TGF-ß Assay {#s2d}
-----------

Determination of concentrations of total and active TGF-ß was performed as described [@pone.0048715-Ying2]. To determine urinary active TGF-β, urine samples were diluted 1∶5 in a total volume of 1 ml of serum-free medium, with pH adjusted with 0.1 N of NaOH, and added to wells of 24-well plates. For assay of total TGF-β, urine samples were heated for 5 min at 100°C, diluted 1∶20 in a total volume of 1 ml of serum-free medium, and incubated with reporter cells for 18 h at 37°C. Mink lung epithelial cell lysates from each well were prepared using reporter lysis buffer (Promega Corporation, Madison, WI). Luciferase activity was determined as relative light units using a microplate luminometer (Clarity Luminescence Microplate Reader; BioTek Instruments, Winooski, VT) and converted to concentration of TGF-β using a standard curve generated using human recombinant TGF-β1 (R&D Systems, Minneapolis, MN). To determine TGF-ß in medium, 200 µl of medium were diluted 1∶3 in serum-free medium (DMEM; Life Technologies, Grand Island, NY) with 0.1% BSA before adding to the wells of 24-well plates. The results were factored by wet weight (for aortic tissue) or total protein (for glomeruli).

Nitric Oxide Metabolites {#s2e}
------------------------

Nitric oxide metabolites (NOx) in samples of urine and medium were assayed using an optimized Cd/Cu reagent kit (QuantiChrom Nitric Oxide Assay Kit, BioAssay Systems, Hayward, CA), which determines nitrite concentrations using Griess methodology following reduction of nitrate to nitrite. In these studies, assays were performed in triplicate and averaged. Results using tissue samples were factored by wet weight (for aortic tissue) or total protein (for glomeruli).

Determination of Phosphatidylinositol 3,4,5-triphosphate (PIP3) {#s2f}
---------------------------------------------------------------

The amount of cellular PIP3 was determined using an ELISA (PIP~3~ Mass ELISA Kit™, Echelon Biosciences Inc., Salt Lake City, UT) and is based upon a novel approach that uses a labeled protein that contains a pleckstrin homology [@pone.0048715-Gray1]. This assay is a competitive 96-well ELISA, in which the signal is inversely proportional to the amount of PIP3 in the sample. PIP3 was extracted from pelleted HUVEC according to the protocol provided by the manufacturer. In these studies, assays were performed in duplicate and averaged.

![Ambient potassium chloride, but not sodium chloride, regulates PTEN levels and Akt function in endothelial cells.\
Macrovascular endothelial cells (HUVEC) were incubated overnight in medium containing \[KCl\] at 0 and 5 mM (left panel) or in medium containing \[KCl\], 0 mM, supplemented with 0 or 5 mM \[NaCl\] (right panel). Compared to cells incubated in medium lacking KCl, cells incubated in medium containing 5 mM KCl demonstrated less phospho-Akt(S473) and more PTEN, relative to GAPDH. In contrast, overnight incubation in medium supplemented with NaCl instead of KCl did not alter intracellular PTEN or phospho-Akt(S473). Each lane represents data from a single experiment.](pone.0048715.g008){#pone-0048715-g008}

![Potassium chloride regulates PTEN levels and Akt function in endothelial cells in a dose-dependent fashion.\
The western blot shows the results of a single experiment, while the graph shows the data from a total of four separate experiments. Incubating HUVEC overnight in medium containing increasing amounts of \[KCl\] resulted in a progressive statistically significant (p-value \<0.05) increase in PTEN levels and an associated decline in phospho-Akt(S473). For both PTEN and phospho-Akt(S473), data from cells incubated in \[KCl\], 0 and 2 mM, differed (p-value \<0.05) from data derived from cells incubated in \[KCl\], 4 and 5 mM.](pone.0048715.g009){#pone-0048715-g009}

![The effect of ambient \[KCl\] on endothelial PTEN and phosphorylation of Akt at S473 and T308 was dependent upon BK~Ca~ activity.\
In these experiments, each lane represents a single experiment. Overnight incubation of HUVEC in medium containing \[KCl\], 5 mM, and iberiotoxin (Ib), 100 nM, reduced PTEN levels (top panel) to those observed in cells incubated in medium containing 0 mM \[KCl\] (PTEN/GAPDH ratios for \[KCl\] 0, \[KCl\] 5 and \[KCl\] 5 plus Ib were 0.53±0.07, 0.99±0.05, and 0.61±0.07; p-value \<0.05). Incubation of HUVEC in medium containing \[KCl\], 5 mM, reduced phospho-Akt(S473) (middle panel), compared to values obtained from HUVEC incubated in medium without KCl; this decrease was reversed by the addition of Ib (phospho-Akt(S473)/Akt ratios for \[KCl\] 0, \[KCl\] 5 and \[KCl\] 5 plus Ib were 0.50±0.04, 0.17±0.03, and 0.48±0.05; p-value \<0.05). Incubation of HUVEC in medium containing \[KCl\], 5 mM, reduced phospho-Akt(T308) (bottom panel), compared to values obtained from HUVEC incubated in medium without KCl; addition of Ib increased phospho-Akt(T308)/Akt ratios. For \[KCl\] 0, \[KCl\] 5 and \[KCl\] 5 plus Ib, the ratios were 0.65±0.02, 0.23±0.02, and 0.46±0.02; p-value \<0.05.](pone.0048715.g010){#pone-0048715-g010}

Western Blot Analyses {#s2g}
---------------------

Tissue and cell lysates were produced using modified radioimmunoprecipitation assay (RIPA) buffer that contained 10 mM Tris·HCl, pH 7.4, 100 mm NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% sodium deoxycholate, 1% Triton X-100, 10% glycerol, 0.1% SDS, 20 mM sodium pyrophosphate, 2 mM Na~3~VO~4~, 1 mM NaF, 1 mM PMSF, and a protease inhibitor cocktail. Total protein concentration was determined using a kit (BCA Protein Assay Reagent Kit; Thermo Fisher Scientific Pierce Protein Research Products, Rockford, IL), and the samples were processed for western blotting. Protein extracts (20 to 60 µg) were boiled for 3 min in Laemmli buffer and separated by 7 to 12% SDS-PAGE (Bio-Rad Laboratories, Hercules, CA), before electrophoretic transfer onto polyvinylidene difluoride membranes. The membranes were blocked in 5% non-fat milk and then probed with an antibody (diluted 1∶1000) that recognized specifically NOS3 (BD Biosciences, BD Transduction Laboratories, San Jose, California), PTEN, phospho-NOS3(S1177), phospho-Akt(S473), phospho-Akt(T308), total Akt (all from Cell Signaling Technology, Danvers, MA), and GAPDH (Abcam, Inc., Cambridge, MA), which served as a loading control. Analysis of published cDNA sequence of rat NOS3 (accession \# NM_021838) showed that the serine residue that corresponded to S1177 in the human NOS3 sequence and S1179 in the bovine sequence was at position 1176. In this paper, phosphorylation of this serine residue was therefore referred to as phospho-NOS3(S1176). The membranes were developed in standard fashion (SuperSignal West Dura Chemiluminescent Substrate; Thermo Fisher Scientific Pierce Protein Research Products, Rockford, IL); density of the bands was quantified using Quantity One software (Bio-Rad Laboratories, Hercules, CA).

Statistical Analyses {#s2h}
--------------------

Data were expressed as the mean±SEM. Significant differences were determined by two-tailed unpaired t-test or by ANOVA with posthoc testing, as appropriate. Where applicable, general linear models (GLM) were constructed and included age and diet as independent variables. Proc GLM with post-hoc analyses using Tukey's HSD adjustment were used for each outcome measure (SAS version 9.2, SAS Institute, Inc., Cary, NC). A p-value \<0.05 assigned statistical significance.

![Medium \[KCl\] affects endothelial cell production of total and active TGF-ß.\
Medium concentrations of total and active TGF-ß were determined following overnight incubation in medium that contained \[KCl\], 0 mM, (termed Baseline), and in medium supplemented with 5 mM of either KCl or NaCl. Addition of KCl, but not NaCl, decreased production of both total and active TGF-ß. \*p-value \<0.05 compared to the other two groups. n = 6 experiments in each group.](pone.0048715.g011){#pone-0048715-g011}

![Endothelial cells were incubated overnight in medium that contained \[KCl\], 0 and 5 mM, and a neutralizing anti-TGF-ß antibody or nonspecific IgG.\
The observed increase in PIP3 content in cells in the low-potassium medium was inhibited by the addition of the anti-TGF-ß antibody, which did not affect PIP3 levels in cells incubated in medium containing 5 mM \[KCl\]. Addition of anti-TGF-ß antibody reduced active TGF-ß levels to that observed when medium \[KCl\] concentration was 5 mM. \*p-value \<0.05 compared to the other two groups. n = 6 experiments in each group.](pone.0048715.g012){#pone-0048715-g012}

![Schematic representation of the findings of the present studies, which focused on PTEN.\
Prior studies demonstrated that dietary salt intake increased endothelial production of TGF-ß, while potassium mitigated this effect [@pone.0048715-Ying2], [@pone.0048715-Ying3], [@pone.0048715-Ying4], [@pone.0048715-Ying6], [@pone.0048715-Ying7], [@pone.0048715-Ying8]. The published findings further demonstrated an integral role for the endothelial BK~Ca~ channel in this process [@pone.0048715-Ying4]. The present study demonstrated that endothelial PTEN levels are regulated by factors that include dietary salt intake, which increases TGF-ß, and exogenous TGF-ß. The present study further elucidated in detail the mechanism by which ambient potassium levels regulated PTEN levels and Akt activity through TGF-ß. Endothelial PTEN and phospho-NOS3(S1176) levels responded to changes in dietary salt intake in young animals. In young animals, an increase in TGF-ß is associated with increased NOS3 activity and NO production. With aging, however, PTEN levels increased. By 12 months of age, PTEN levels did not change and phospho-NOS3(S1176) did not increase during increased salt intake. The increase in TGF-ß during aging was not associated with a concomitant increase in NO, which has been shown to mitigate endothelial TGF-ß production [@pone.0048715-Ying7]. The potential consequence of diminished NO production and unopposed TGF-ß production is altered vascular structure and function, particularly in the setting of high salt intake.](pone.0048715.g013){#pone-0048715-g013}

Results {#s3}
=======

Bioavailable NO Production Declined with Age and in Response to Increased Dietary Salt Intake and was Related to Reduced Phospho-NOS3(S1176) and Increased PTEN {#s3a}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

Rats were maintained on 0.3% and 8.0% NaCl diets for four days. On the final day of the study, mean body weights (BW), mean arterial pressure (MAP), and serum creatinine concentrations did not differ between the two groups of rats at the same age on the two diets ([Table 1](#pone-0048715-t001){ref-type="table"}). With increasing age, all of these parameters increased. There was a significant linear trend for increasing MAP with age (all p-values\<0.05). The MAP least square means for 1-, 6-, and 12-month old rats were 94, 107, and 118 mm Hg, respectively.

As anticipated from the work of Hill, et al. [@pone.0048715-Hill1], there was a strongly significant inverse linear effect for decreasing urinary NOx with age (p-value\<0.0001) ([Table 1](#pone-0048715-t001){ref-type="table"}). Further evaluation demonstrated that NOx values for the 1-month old group (least square mean value of 24 nmol/h per 100 g BW) differed from both the 6- and 12-month old groups (p-value\<0.0001). Urinary NOx excretion rates of 6- and 12-month old rats did not differ (8 versus 6 nmol/h per 100 g BW; p-value = 0.79). Urinary NOx excretion rates of the high-salt-treated animals were greater than that observed in the low-salt-treated rats across age groups.

Aortic rings and isolated glomeruli from the high-salt treated animals demonstrated increased NOx production when compared with tissue preparations from the low-salt treated rats at every age studied ([Figure 1](#pone-0048715-g001){ref-type="fig"}). The addition of iberiotoxin, a specific BK~Ca~ channel inhibitor, did not reduce NOx production by tissues from the low-salt rats (data not shown) but inhibited salt-induced NOx production. When examined collectively, a progressive decrease in NOx production was observed in both tissues with increasing age of the rat ([Figure 2](#pone-0048715-g002){ref-type="fig"}). Because prior studies showed that NOS3 is a substrate for Akt [@pone.0048715-Fulton1] and this Akt-dependent post-translational modification increased NOx in the setting of high-salt intake [@pone.0048715-Ying1], phosphorylation of NOS3 at S1176 was determined. Compared with data obtained from rats on the 0.3% NaCl diet, the total amount of NOS3 and phosphorylation of NOS3 at S1176 increased in rats at 1 and 6 months of age during high-salt intake, but not at 12 months ([Figure 3](#pone-0048715-g003){ref-type="fig"}). These data are also consistent with prior studies showing that shear-induced Akt-dependent phosphorylation of NOS3 is decreased in aortae of older rats [@pone.0048715-Soucy1].

Dietary Salt-induced Production of TGF-ß Relative to Bioavailable NO Increased with Age {#s3b}
---------------------------------------------------------------------------------------

There was no significant effect of age on urinary active TGF-ß excretion rates ([Table 1](#pone-0048715-t001){ref-type="table"}). Urinary active TGF-ß excretion rates of the high-salt-treated animals were greater than that observed in the low-salt-treated rats across age groups.

Production of total and active TGF-ß by aortic rings and isolated glomeruli from rats ages 1, 6, and 12 months was determined while on the two diets. An increase in dietary salt intake increased tissue production of total and active TGF-ß at every age ([Figure 4](#pone-0048715-g004){ref-type="fig"}). When examined relative to NOx production, the amount of active TGF-ß produced by aortic rings and isolated glomeruli increased with increasing age of the rat ([Figure 5](#pone-0048715-g005){ref-type="fig"}).

Endothelial PTEN Levels Increase with Age and become Refractory to Changes in Active TGF-ß {#s3c}
------------------------------------------------------------------------------------------

To determine the mechanism of reduced NOx production and Akt activity with age, initial studies determined endothelial PTEN levels, which regulate PIP3 levels and Akt activity [@pone.0048715-Vanhaesebroeck1]--[@pone.0048715-Stocker1]. With increasing age, endothelial PTEN levels increased ([Figure 6A](#pone-0048715-g006){ref-type="fig"}). In 1-month old rats, endothelial PTEN levels fell while on the high-salt diet ([Figure 6B](#pone-0048715-g006){ref-type="fig"}). In contrast, while increased dietary salt intake provoked an increase in the local production of active TGF-ß ([Figure 4](#pone-0048715-g004){ref-type="fig"}), endothelial PTEN levels did not change in 12-month old rats ([Figure 6C](#pone-0048715-g006){ref-type="fig"}).

TGF-ß Dose-dependently Decreases Endothelial PTEN and Increases Phospho-Akt(S473) {#s3d}
---------------------------------------------------------------------------------

TGF-ß has been shown to modulate PTEN in mesangial cells [@pone.0048715-Kato1] and in macrovascular endothelial cells (HUVEC) partly through upregulation of microRNA-21 [@pone.0048715-Kumarswamy1]. Consistent with these findings, primary cultures of HUVEC incubated overnight in medium containing increasing amounts of TGF-ß demonstrated a dose-dependent decrease in PTEN levels and a concomitant increase in phospho-Akt(S473) ([Figure 7](#pone-0048715-g007){ref-type="fig"}).

Ambient \[KCl\] Dose-dependently Modifies PTEN and Phospho-Akt(S473) Through the BK~Ca~ Channel and TGF-ß {#s3e}
---------------------------------------------------------------------------------------------------------

Prior studies showed that the BK~Ca~ channel and dietary potassium content regulated salt-induced production of TGF-ß [@pone.0048715-Ying3], [@pone.0048715-Ying4]. To understand endothelial PTEN regulation in greater detail, HUVEC were incubated overnight in medium containing varying concentrations of KCl. Compared to cells exposed to 0 \[KCl\], cells incubated in 5 mM KCl showed an increase in PTEN and associated reduction in phospho-Akt(S473) ([Figure 8](#pone-0048715-g008){ref-type="fig"}). Cells incubated in medium that served as an osmotic control by containing NaCl at 5 mM instead of KCl demonstrated no changes in phospho-Akt(S473) and PTEN. Addition of KCl to the medium at concentrations between 0 and 5 mM produced dose-dependent increases in PTEN and associated reductions in phospho-Akt(S473) ([Figure 9](#pone-0048715-g009){ref-type="fig"}). In these experiments, choline chloride was added between 0 and 5 mM, such that the osmolality of the medium did not differ among the groups under study. Addition of iberiotoxin to medium containing \[KCl\], 5 mM, decreased PTEN and increased phospho-Akt(S473), as well as phospho-Akt(T308), to levels observed in cells incubated in medium containing no KCl ([Figure 10](#pone-0048715-g010){ref-type="fig"}). In contrast, addition of glibenclamide to medium containing \[KCl\], 5 mM, did not decrease PTEN (data not shown).

The effect of extracellular \[KCl\] on production of TGF-ß was also determined. Compared to production by cells incubated in medium containing no KCl (baseline), the addition of KCl, but not NaCl, at 5 mM, reduced the production of total and active TGF-ß ([Figure 11](#pone-0048715-g011){ref-type="fig"}). Addition of iberiotoxin, but not glibenclamide, increased the production of total and active TGF-ß by cells incubated in medium containing 5 mM KCl to that observed by cells in medium containing 0 mM KCl (data not shown). The role of TGF-ß on Akt activation was then determined by overnight incubation of the cells in medium containing a neutralizing antibody to TGF-ß. Incubation of cells in medium containing 0 mM KCl and anti-TGF-ß antibody abrogated TGF-ß activity and reduced levels of cellular PIP3 to that observed in experiments in which the medium contained 5 mM KCl and either anti-TGF-ß antibody or nonspecific IgG ([Figure 12](#pone-0048715-g012){ref-type="fig"}).

Discussion {#s4}
==========

Endothelial cell function is a critically important determinant of optimum cardiovascular performance through multiple actions that include production of vasoactive compounds and growth factors. TGF-ß and NO in particular are elaborated by endothelium and promote important autocrine effects on the endothelium and paracrine effects on the subjacent smooth muscle. Prior studies demonstrated that TGF-ß drives NO production through NOS3 [@pone.0048715-Ying5], [@pone.0048715-Ying6]. A close interrelationship also exists between the endothelial production of TGF-ß and NO, with coordinated expression present in young normotensive rats as well as a countervailing inhibitory effect of NO demonstrated on TGF-ß production [@pone.0048715-Ying7]. The mechanism by which this coordinated expression develops has been recently elucidated. In young (1 month) rats, a high-salt diet induced the formation of an endothelial cell-signaling complex that contained proline-rich tyrosine kinase 2 (Pyk2), c-Src (also known as pp60*^c-src^*) and class I PI3K (specifically p85 and p110α) [@pone.0048715-Ying1]. This signaling complex, which was dependent upon endothelial iberiotoxin-sensitive calcium-dependent potassium (BK~Ca~) channel activity, was directly involved in the endothelial cell production of TGF-ß. In addition, PI3K (p85 and p110α) served as the upstream activator of protein kinase B (Akt), which was directly responsible for phosphorylation of the rat endothelial isoform of nitric oxide synthase (NOS3) at S1176 and thereby promoted an increase in NO production in young animals during high-salt intake [@pone.0048715-Ying1]. Because Akt activation by PIP3 is dependent not only on PI3K but also the lipid phosphatase known as PTEN, which dephosphorylates PIP3 [@pone.0048715-Jiang1], the role of PTEN was examined in the present study, which revealed several novel findings. Endothelial PTEN levels increased during aging, particularly at 12 months, promoting diminished dietary salt-induced NOS3 phosphorylation at S1176, an Akt-dependent effect [@pone.0048715-Ying1], and reduced NOx production by aortic rings and isolated glomeruli during both low- and hi-salt intake. In contrast, tissue production of TGF-ß relative to NO production did not decline with age, resulting in increased ratios of active TGF-ß to NOx in tissues as the age of the animals increased. The effect of increased salt intake on NOx production by aortic rings and isolated glomeruli was dependent upon endothelial BK~Ca~ channel function at every age studied. PTEN regulates intracellular PIP3 production in macrovascular endothelial cells (HUVEC); PTEN levels were unaltered by ambient \[NaCl\] but were regulated in a dose-dependent fashion by ambient \[KCl\]. Finally, consistent with previous studies [@pone.0048715-Ying3], [@pone.0048715-Ying4], the effect of potassium on endothelial PTEN and PIP3 levels was mediated through the BK~Ca~ channel specifically by regulating production of TGF-ß. These findings demonstrated a fundamental role for PTEN, which was controlled early in life in part by ambient active TGF-ß concentration, in endothelial cell function ([Figure 13](#pone-0048715-g013){ref-type="fig"}).

The importance of balance between PI3K and PTEN has been elucidated. These enzymes critically regulate intracellular PIP3 levels in an interdependent fashion [@pone.0048715-Vanhaesebroeck1]--[@pone.0048715-Mellor1]. PIP3 activates pleckstrin-homology domain-containing enzymes that include Akt, [@pone.0048715-Stocker1] which facilitates NOS3 phosphorylation and NO production [@pone.0048715-Lane1], and Tec family kinases, which are integrally involved in intracellular calcium signaling [@pone.0048715-Scharenberg1]. The biological relevance of this interaction in the endothelium has been observed in several conditions. For example, a role for increased NO production through Akt activation has been demonstrated during increased dietary salt intake [@pone.0048715-Ying1] and in vascular permeability [@pone.0048715-Six1] and Flt-1 signaling [@pone.0048715-LeBlanc1] induced by vascular endothelial growth factor (VEGF). Statins activate endothelial Akt, which results in phosphorylation of NOS3 and enhanced angiogenesis in a model of limb ischemia [@pone.0048715-Kureishi1]. The mechanism by which nitroglycerin increases endothelial NO production has recently been shown to be related to inhibition of PTEN, which promotes increases in PIP3 levels, permitting Akt activation and NOS3 phosphorylation [@pone.0048715-Mao1]. Thus, the PI3K/PTEN pathway may be altered by disease states and by pharmacologic agents. The present study demonstrated the role of aging on this pathway in rats and also fits well with an observed increase in PTEN in cultured microvascular endothelial cells obtained from two aged individuals [@pone.0048715-Tarnawski1].

In summary, the present findings refine a proposed model of endothelial cell function. A series of in vivo and in vitro studies demonstrated that with aging endothelial PTEN levels increase, thereby promoting a decrease in Akt kinase activity, NOS3 phosphorylation and NO production. This mechanism participates in the age-related impairment in endothelium-dependent vasodilation observed in rats [@pone.0048715-Hongo1], [@pone.0048715-vanderLoo1]. These effects occurred by "middle age" (12 months), before the development of marked increases in blood pressure and associated reduction in glomerular filtration rate that develops with advanced age (\>20 months) in rats [@pone.0048715-Hill1]. Further, a critical role for TGF-ß in endothelial PTEN regulation was observed. During high salt intake, a signaling complex (Pyk2/c-Src/PI3K) is activated, promoting endothelial production of TGF-ß and NO, the latter through Akt activation [@pone.0048715-Ying1]. The production of NO is facilitated by TGF-ß-mediated reduction in PTEN, and thus permits completing a negative feedback loop to regulate production of TGF-ß [@pone.0048715-Ying7], [@pone.0048715-Saura1], [@pone.0048715-Wang1]. However, the age-related increase in the "setpoint" relationship between active TGF-ß and NO and the observed resistance to change in endothelial PTEN expression despite an increase in TGF-ß raise the possibility of progressive loss of inhibition of the pathways driven by TGF-ß with aging. This imbalance may be further exacerbated by oxidative stress-mediated reduction in bioavailable NO and enhanced peroxynitrite formation particularly in advanced age [@pone.0048715-vanderLoo1], [@pone.0048715-Blackwell1]. The anticipated consequence of diminished bioavailable NO mediated by both decreased NOS3 phosphorylation and oxidative stress would be arteriosclerosis with increased stiffness in compliance vessels, an important accompaniment of the aging process and cardiovascular risk factor [@pone.0048715-Lakatta1], [@pone.0048715-Soucy1], [@pone.0048715-OLeary1], and endothelial cell senescence [@pone.0048715-Hayashi1]. Finally, ambient potassium levels modify endothelial TGF-ß production in vitro ([Figure 8](#pone-0048715-g008){ref-type="fig"}) and dietary potassium intake functions similarly in vivo and reduces salt-induced production of TGF-ß in young rats [@pone.0048715-Ying4], raising the potential for improved vascular function through changes in diet.
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